Initially, psychometric functions were measured for the detection of amplitude modulation (AM) or frequency modulation (FM), using a two-alternative forced-choice (2AFC) task. Carrier frequencies were 125, 1000, and 6000 Hz, and modulation rates were 2, 5, and 10 Hz. For the two lower carrier frequencies, FM detection tended to be best at the lowest modulation rate while AM detection was best at the highest rate. For the 6000-Hz carrier, both AM and FM detection tended to be poorest at the lowest modulation rate. Then, pairs of values of AM and FM were selected that would be equally detectable, and psychometric functions were measured for the discrimination of AM from FM, again in a 2AFC task. For carrier frequencies of 125 and 1000 Hz, the ability to discriminate AM from FM was always poorest at the highest modulation rate (10 Hz); at this rate some subjects were essentially unable to discriminate AM from FM when the detectability of the modulation was relatively low (d' of 1.16 and below). For a modulation rate of 2 Hz, and when the detectability of the modulation was moderate (d' up to about 2), some subjects discriminated the type of modulation as well as they detected the modulation. For a carrier frequency of 6000 Hz, the effect of modulation rate varied across subjects, but there was still a trend for poorer discrimination of modulation type at the highest modulation rate. It is suggested that FM detection at a 10-Hz modulation rate is based largely on changes in excitation level for all carrier frequencies. For a 2-Hz modulation rate, and for the two lowest carrier frequencies, an extra mechanism, possibly based on phase locking, may play a role in the detection and discrimination of FM. This mechanism may be ineffective at modulation rates above about 5 Hz because the stimuli spend insufficient time at frequency extremes. To check on this, psychometric functions were measured for the detection of FM and AM using quasitrapezoidal modulation with a rate of five periods per second and carriers of 250, 1000, and 6000 Hz. This produced improvements in performance relative to that obtained with 5-Hz sinusoidal modulation and, for the two lower carrier frequencies only, the improvements were markedly greater for FM than for AM detection. This is consistent with the idea that the use of phase-locking information depends on the time that the stimuli spend at frequency extremes.
INTRODUCTION
In a series of earlier papers (Moore and Sek, 1992, 1994b ; Sek and Moore, 1994), we have examined the question of whether amplitude modulation (AM) and frequency modulation (FM) are coded in the auditory system by a single underlying mechanism, or by different mechanisms. Most of our earlier work used a single modulation rate of 10 Hz. To account for our results, we have proposed a singlemechanism model which is an extension of the model originally proposed by Zwicker (1956 Zwicker ( , 1970 and by Maiwald (1967) and is based on the concept of the psychoacoustical excitation pattern. The latter can be defined as the output of the auditory filters as a function of center frequency (Moore and Glasberg, 1983, 1987 ). In our model (Moore and Sek, 1994b) it is assumed that detection is based on an unweighted sum of decision variables across all channels (all regions of the excitation pattern) that are above threshold and that have a positive signal-to-noise ratio (when background noise is present); we refer to this model as the nonoptimal multichannel model, since the subjects are assumed not to weight the information in each channel in an optimal manner (in contrast to the multichannel model evaluated by Moore and Sek, 1992 ).
In our earlier work, we showed that this model was able to account reasonably well for changes in the detectability of combined AM and FM [mixed modulation (MM)] as a function of modulator phase, both for stimuli presented in quiet, and for stimuli presented with noise designed to mask selectively either the lower or the upper side of the excitation pattern (Moore and Sek, 1994b) . However, in order to get a quantitative fit to the data, it was necessary to assume that the excitation patterns were sharper than those usually inferred from experiments on simultaneous masking (Moore and Glasberg, 1983; Glasberg and Moore, 1990) . We argued that this was not unreasonable, since a process of suppression may sharpen excitation patterns, but this process seems not to be revealed in simultaneous masking (Houtgast, 1974 ; Moore and O'Loughlin, 1986 ). In addition, the notchednoise muskets often used to estimate auditory filter shapes may generate combination products that lead to a reduction in the upper slopes of the derived filters (which would ia turn lead to a reduction in the lower slope of excitation patterns calculated from such filters); such combination products would not occur fox slowly modulated sinusolds, and so their excitation patterns might be sharper than estimated using noise stimuli {G!asberg and Moore etal., 1995) .
One test of the adequacy of the nonoptimal multichannel model comes from studies of the ability of subjects to discriminate AM from FM. Demany and Semal (1986) used a task where two successive stimuli were presented, one modulated and the other unmodulated. The type of modulation (AM or FM) was randomly selected for each trial and subjects were required both to detect the modulation {i.e., to indicate whether the first or second stimulus was modulated) and to identify the type of modulation {AM or FM). When the modulation frequency was very low (1.67 Hz), detection performance was roughly equal to identification performance. At higher modulation rates, detection tended to be better than identification.
If decisions were based only on the sum of decision variables across channels, listeners should have difficulty identifying the type of modulation. In terms of excitationpattern models, identification of the type of modulation requires comparison of the modulation in excitation level on the high-and low-frequency sides of the pattern. Two types of comparisons might be made; comparison of modulation phase and comparison of modulation magnitude. If the modulation is in phase on the two sides of the pattern, this indicates that AM is present. If the modulation is in opposite phase on the two sides of the pattern, this indicates that FM is present. If the modulation is larger on the high-frequency side of the pattern, this indicates that AM is present (this happens because of the expansive nonlinear growth of excitation level on the high-frequency side of the pattern with increases in signal level). If the modulation is larger on the low-frequency side of the pattern, this indicates that FM is present (this happens because the excitation pattern is usually steeper on the low-frequency side). To explain the results of Demany and Semal in terms of an excitation-pattern model, it has to be assumed that subjects are able to compare the modulation on the two sides of the excitation pattern, i.e., they do not always simply sum information across all parts of the excitation pattern.
We (Moore and Sek, 1994a) re-examined some of the issues raised by the study of Demany and Semal (1986); specifically, we compared the ability to detect modulation with the ability to discriminate one type of modulation from the other. However, we used a different method, intended to overcome some problems in the experimental design of Demany and Semal (see Moore and Sek, 1994a , for a discussion of these problems). We started by measuring psychometric functions for the detection of AM and of FM. Then we selected pairs of sounds, one amplitude modulated and one frequency modulated, for which the modulation was equally detectable, and used those stimuli in a twoalternative forced-choice discrimination task; subjects had to discriminate the order "AM then FM" from the order "FM then AM." For a 10-Hz modulation rate and a 1000-Hz cartier, the ability to discriminate AM from FM was poorer than the ability to detect: the modulation. When the detectability of the AM and FM was low (d' =0.66), two subjects were essentially unable to discriminate AM from FM. This was true both for stimuli presented in quiet and for stimuli presented with continuous noise chosen to mask either the lower or the upper side of the excitation pattern.
Edwards and Viemeister (1994) also examined the ability to discriminate AM from FM, using a 1000-Hz carrier frequency. In their first experiment, they used a three-interval task, with FM in two interx'als and AM in the other one; the subject had to identify the odd interval. They used an adaptive procedure to find the modulation depths necessary to achieve 70.7% correct. The AM and FM were intended to be kept at equally detectable values, based on prior measurements of the detectability of AM and FM, but this involved some extrapolation as rather large modulation depths were called for by the adaptive procedure. Their results indicate a poor ability to discriminate AM from FM, although the discrepancy between detection thresholds and discrimination The functions showed distiact minima; for certain values of /• subjects had great difficulty distinguishing AM from FM. This result differs from our results obtained using a similar experiment lMoore and Sek, 1994a); although our subjects discriminated AM from FM more poorly than they detected the AM or FM, there were not distinct minima at particular values of/•. This is surprising since our task was actually harder than that of Edwards and Viemeister; our subjects had to distinguish the order AM then FM from the order FM then AM, while Edwards and Viemeister used a task where subjects could pick the "odd one out."
The reason for the discrepancy between the studies is not clear. One possibility is that the subjects of Edwards and Viemeister focused on a different detection cue, specifically the overall impres.don of amount of modulation. At some value of/•, the "modulation strength" becomes very similar for AM and FM, and subjects relying on this as a discrimination cue will per[otto very poorly. In our experiment, subjects probably did not use modulation strength as a cue, since it would have been unreliable; we used several different FM depths within a block of thais, so the FM stimulus sometimes sounded more modulated and sometimes sounded less modulated than the AM stimulus. For very large modulation depths, the subjects of Edwards and Viemeister performed better than our subjects. This probably happened because, in their experiment, modulation strength would have provided a reliable cue when/• was very large.
Taking the results of all the studies together, there seems to be a trend for better discrimination of AM from FM when the modulation rate is very low. To confirm this trend, we decided to repeat our earlier experiment but including modu- Initially, psychometric functions were measured for the detection of AM and FM alone, using a two-alternative forced-choice (2AFC) task. On each trial, two successive stimuli were presented, one modulated and the other unmodulated. The order of the two stimuli in each pair was random. Then, pairs of values of AM and FM were selected that would be equally detectable, and psychometric functions were measured for the discrimination of AM and FM, again in a 2AFC task. In one interval, the sound was amplitude modulated and in the other it was frequency modulated, the order being random on each trial. The subject was required to indicate the order of the sounds by pressing the appropriate button on the response box. Subjects were tested in a double-walled sound-attenuating chamber. Correct-answer feedback was provided by lights on the response box.
The method for determining psychometric functions for detection of modulation was the same as described by Moore and Sek (1992, 1994a 
C. Subjects
Three subjects with normal hearing at all audiometric frequencies were used. One was author AS. The other two subjects were paid for their services. All subjects had extensive experience in modulation detection tasks. lower modulation rates than for the highest rate. The procedure used to fit the straight lines to the data gave estimates of the standard errors (s.e.'s) of the slopes. These s.e.'s, which were typically between 5% and 10% of the actual slope values, were used to estimate the significance of the differences between slopes in specific cases.
Consider first the results for the 125-Hz carrier (Fig. 1) .
The slopes of the psychometric functions, which provide a measure of the detectability of the AM or FM, varied with modulation rate, although the exact pattern of results differed across subjects. For FM (left column), performance tended to be best for the 2-Hz rate (squares). For subjects LB and AS, the slope was significantly greater for the 2-Hz rate than for the two higher rates (p<0.05). For all three subjects, the slope for the 5-Hz rate was less than for the 2-or 10-Hz (Fig. 2) , the detectability of FM varied somewhat less with modulation rate. However, subject CL again showed a significantly lower slope for the 5-Hz rate than for the 2-or 10-Hz rates (p<0.01). The detectability of AM was be.
•t or close to best for the 10-Hz rate, and worst for the 2-Hz rate. This effect was particularly marked for subject CL. For all three subjects, the slope for the 2-Hz rate was significantly lower than the slopes for the two higher rates (p<0.01).
For the 6000-[-Iz carrier (Fig. 3) , the detectability of FM was consistently •,nd significantly poorer for the 2-Hz rate than for the other •ates (p<0.01), a very different result from that for the 125-and 1000-Hz carriers. For AM detection, performance was also poorest for the 2-Hz modulation rate, although the effecl: of modulation rate was small for subject AS. For subjects CL and LB, the slope was significantly lower for the 2-Hz rate than for the two higher rates (p <0.01). To assess the overall significance of the effects described above, two within-subjects analyses of variance (ANOVAs)
were conducted, one for the FM data and one for the AM data. The GENSTAT package used gave estimates of the standard errors of the differences between the mean scores for the different conditions. These standard errors were used to assess the significance of the differences between means using t tests and the degrees of freedom associated with the residual term in the analysis of variance (Lane To summarize the results, the detectability of AM tended to be poorest at the lowest modulation rate for all three carrier frequencies. This is consistent with earlier work on AM detection for sinusoidal and for noise carriers, and is characteristic of what happens when gated carriers are used (Viemeister, 1979; Sheft and Yost, 1990 ). It may happen partly because, for a given stimulus duration, the number of cycles of the modulator decreases with decreasing modulation rate. However, it may also reflect a sensitivity to dynamic aspects of the stimuli; the detectability of changes in level may improve with increasing rate of change up to a certain point.
For the 6000-Hz carrier, the detectability of FM was also poorest for the lowest modulation frequency, wt•ich is con- For the 125-Hz carrier (Fig. 4) , performance was consistently best for the 2-Hz modulation rate, and was generally poorest for the 10-Hz rate. For the 6000-Hz carrier (Fig. 6) only subject LB showed a clear effect of modulation rate, discrimination performance being markedly worse at 10 than at 2 or 5 Hz. For subject LB, discrimination performance was similar to detection per- 
E. Discussion
The results provide preliminary evidence suggesting that FM may be detected in different ways for modulation rates of 2 and 10 Hz. If there were a single mechanism at all modulation rates, based on changes in excitation level, then the modulation rate leading to the best AM detection would also be expected to give the best FM detection. The results did not follow this pattern except for the 6000-Hz carrier. For the other two carriers, AM detection was generally best for the 10-Hz modulation rate, while FM detection was best for the 2-Hz modulation rate. In addition, for the 125-Hz carrier, all three subjects showed poorer FM detection for the intermediate modulation rate (5 Hz), which is suggestive of two mechanisms for FM detection, neither of which was very effective at the intermediate rate.
The idea that FM is detected by different mechanisms for very low modulation rates and for "medium" (10 Hz) rates is also consistent with the results for discrimination of modulation type. For the 10-Hz modulation rate, discrimination was always worse than detection, as would be expected if discrimination of modulation involves a comparison of changes on the two sides of the excitation pattern. In contrast, for the 2-Hz modulation rate, discrimination was sometimes as good as detection, as was also found for a 1.67-Hz rate by Demany and Semal (1986) . This is not consistent with the nonoptimal multiband excitation-pattern model, and suggests that information about AM or FM is coded partly by something other than changes in excitation level.
As suggested earlier, it is possible that FM is coded partly by changes in the pattern of phase locking evoked by the stimulus. A problem with this interpretation is the finding that, at least for one subject, discrimination was as good as detection for a 2-Hz modulation rate even when the carrier frequency was as high as 6000 Hz. It is generally assumed that the upper limit for phase locking in mammals is about 4 to 5 kHz, although the exact limit varies from one species to another (Palmer and Russell, 1986) . It is possible that, in humans, some weak phase-locking information exists even at 6 kHz.
If phase locking does play a role in coding FM at very low rates, we need some explanation as to why it appears to be ineffective at a rate of 10 Hz. Frequency changes at such a rate are well coded in interspike intervals at the level of the auditory nerve (Khanna and Teich, 1989 ). However it is possible that the mechanism that "decodes" the phase-locking information at a higher level is "sluggish," being unable to process rapid changes in the pattern of phase locking. This would be similar to the binaural sluggishness that has been observed in the processing of interaural differences. For example, the binaural system appears to be unable to follow changes in interaural timing when those changes occur at rates above a few hertz (Grantham and Wightman, 1978) . To detect FM using phase locking, it may be necessary to take "snapshots" or samples of the phase-locking information at times when the frequency is close to its extreme values. When a sinusold is frequency modulated at a 10-Hz rate, the time during which the frequency is within, say, 10% of the extremes of frequency is rather short--about 14 ms. The ability to discriminate differences in frequency of steady tones is known to worsen with decreasing duration (Moore, 1973) . Hence, the ability to detect FM by taking snapshots of the frequency at times close to frequency extremes may be limited by the short time spent close to the extremes.
The worsening of pulsed-tones frequency discrimination with decreasing duration is more rapid at 125 than a 1000 Hz (Moore, 1973) . ff this depends on the way phase-locking information is processed, for example by measurement of interspike intervals (Goldstein and Srulovicz, 1977) , one might expect that the transition from detection of FM by phase locking to detection of FM by changes in excitation level would take place at lower modulation rates at the lower carrier frequency. Consistent with this, the discrimination of AM from FM was consistently worse at 5 than at 2 Hz for the 125-Hz carrier, but this difference was less marked for the 1000-Hz carrier.
II. EXPERIMENT 2: COMPARISON OF MODULATION DETECTION FOR SINUSOIDAL AND TRAPEZOIDAL MODULATION

A. Rationale
To test the idea that the use of phase locking to detect FM depends on the amount of time spent at frequency ex-tremes, we conducted an experiment using patterns of amplitude and frequency change that were approximately trapezoidal; carriers modulated in this way spend more time at frequency or amplitude extremes than for a sinusoidal modulator with the same period. One might expect some benefit from this for a mechanism based purely on detection of changes in excitation level. However, if the measured benefit is greater for FM than for AM, this would support the idea of an extra, sluggish mechanism for FM. Psychometric functions for the detection of AM and FM were compared for sinusoidal modulation and quasitrapezoidal modulation. extremes. The procedure used to fit the straight lines to the data also gave standard errors (s.e.'s) of the slope estimates.
The se's were used to estimate the s.e.'s of the ratios of slopes given in Table I . These se's are shown in parentheses after each ratio.
For carriers o1! 250 and 1000 Hz, the ratios are consistently greater for FM than for AM. This is consistent with the idea of an extra, sluggish mechanism for FM detection, based upon phase locking. This mechanism benefits considerably from more time spent at frequency extremes. Hartmann and Klein (1980), using an 800-Hz carrier and a 4-Hz modulation rate, found somewhat smaller differences in detectability between sinusoildal and trapezoidal modulation than us. However, they used a modulator for which the time spent at frequency extremes was only 50%, as compared to 60% for our stimuli. are similar for AM and FM is consistent with the idea that phase locking does not play a role in FM detection for high carrier frequencies. In this case, common mechanisms are probably used to detect AM and FM. It is curious that trapezoidal modulation was of less benefit for AM detection at 6000 than at 250 or 1000 Hz. We have no explanation for this. One possibility is that AM detection at the two lower cartier frequencies was influenced to a small extent by phase-locking information. However, the precision of phase locking changes only slightly with level except at very low levels, so this seems unlikely.
III. DISCUSSION
We have argued that our results suggest the existence of two mechanisms for FM detection. One is similar to the mechanism used for AM detection and appears to operate most effectively at rates above 5 Hz. The other, which is probably based on phase-locking information, is most effective at low modulation rates. Edwards and Viemeister (1994) also argued that AM and FM were partly coded by the same mechanism, but that there was a second mechanism for the coding of FM; this allowed AM to be discriminated from FM. However, they argued that the second mechanism for HG. 9. As Fig. 7 , but for a carrier frequency of 6000 Hz.
FM only operated at suprathreshold values of FM. This conclusion was largely based on their observation that equally detectable amounts of AM and FM could only be discriminated when the detectability of the AM and FM was high. Our results show that equally detectable amounts of AM and FM can be discriminated when the detectability is low, but only when the modulation rate is also low; for a 2-Hz modulation rate the discriminability of AM from FM was sometimes as good as the detectability of the AM or FM, for d' values up to about 1.7. The lowest modulation rate used by Edwards and Viemeister was 4 Hz, and at that rate one 
